Introduction
The rise in quality of life has increased consumer demands for safe, fresh and high-quality foods. The development of sophisticated distribution systems for ensuring food safety and freshness has therefore been required. Temperature is the most important environmental factor influencing food quality (Vaikousi et al. 2008) . Consequently, a method for recording and estimating temperature history during food distribution and storage would enable prediction of the changes in food quality and microbial optimized exposure conditions were employed, i.e., the camera was used at an automatically set white balance and sensitivity (ISO 32).
Captured images were analyzed using the R (ver. 3.3.0) statistical environment running in the R studio (ver. 0.99.491).
To compare reaction completion times under different conditions, a threshold value was required as a completion index.
Herein, 0.20, 0.15, and 0.15 were used as threshold values for red, green, and blue, respectively, with colors exhibiting lower RGB values appearing as dark brown or black. Additionally, these values could also be used for timing purposes in the fabricated TTIs.
Color variation expressed by RGB value changes was described by a sigmoid function (Eq. 1):
where Δcolor value, r max , time and T inf denote RGB parameter changes, inflection point slope, reaction time, and inflection point time, respectively. Parameters for each condition were estimated using the non-linear least square method (R, nls package).
The temperature dependence of all reaction conditions was expressed by the Arrhenius function (Eq. 2):
where k is r max (inflection point slope) of sigmoid function, E a the activation energy, A is the pre-exponential factor, and R and T are ideal gas constant and absolute temperature (K), respectively.
The slope (E a /R) and pre-exponential factor were estimated using linear regression (Kim et al. 2012) .
Predictive modeling of color change kinetics Each parameter
obtained by fitting the experimental data with Eq. 1 was described as a function of reactant concentration and reaction temperature with a multiple regression analysis (Eq. 3):
Parameter (μ max , T inf , or Δcolor value) = a 0 + a 1 × T + a 2 ×Xy + a 3 × GI + a 4 × DH + a 5 × T 2 + a 6 × Xy 2 ······Eq. 3
where a i are coefficients, T is the reaction temperature (absolute temperature), and Xy, Gl, and DH are concentrations of xylose, glycine, and Na 2 HPO 4 , respectively. All parameters (μ max , T inf , or
Δcolor value), reaction temperature (T), and reactant concentration (Xy, Gl, DH) were transformed to a natural logarithmic value with the highest value in coefficient of determination of the regression analysis results. Additionally, data pertaining to 0, 5, 15 and 25℃
were used for predictive modeling. Data obtained at 10 and 20℃
were used to validate the predictive model.
Results and Discussion

Characterization of color change under different conditions
The Maillard reaction between D-xylose, glycine, and Na 2 HPO 4 showed a pronounced color change ( Fig. 1 ) from colorless to black via transitions of light blue, green, and brown, and a broadly adjustable reaction completion time, which marked it suitable for TTI development. The changes in color developed during the reaction enable the visual recognition of the temperature history.
Therefore, each step in the color changes of TTI expresses the current state for temperature accumulation and enable user to the rough prediction of quality of food during storage or distribution.
Nonetheless, a measuring system is required for quantitatively evaluating the color change for different food types. Furthermore, TTI color changes have to be correlated to food quality and/or safety changes to provide additional information on food distribution under the selected temperature conditions. Thus, quantitative evaluation of the color change is indispensable for development of flexible TTIs.
Quantitative evaluation of color changes revealed that RGB
values decreased sigmoidally under all conditions. Figure 2 demonstrates representative observed/fitted color variations at 10℃
for xylose (1.0 M), glycine (1.5 M), and Na 2 HPO 4 (0.3 M). The observed color variations were successfully described using Eq. 1, resulting in root mean square errors (RMSEs) of < 0.02 for all investigated conditions.
A variety of numerical color expression systems are available, e.g., sRGB, CIELAB, and CIEXYZ. Although the CIELAB color system is frequently used in food science and technology, it requires a dedicated device for color value measurement, which limits its application range. In contrast, the RGB color space is commonly utilized in digital cameras, color TVs, and smartphones, being most suited for easy recognition and analysis of Maillard reaction-induced TTI color changes with compact digital devices.
Furthermore, a corresponding smartphone application can be developed if the captured TTI images (color change) can be associated with target food quality and/or safety. Therefore, the above color changes were recorded using a digital camera and analyzed in the RGB color space.
Effect of reactant concentration and temperature on color change
The observed color change kinetics was highly influenced by reaction temperature (Fig. 3) . The reaction rate increased with substrate concentration for all reactants. However, the reaction rate did not obviously change above 2, 1.5, and 0.3 M for glycine, xylose, and Na 2 HPO 4 , respectively. In contrast, the reaction rate In addition, the range of E a at each color channel (red, green, and 
